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The purpose of this work is discuss about the best way for validating a model able to predict the performance of a 
finned-tube condenser. A simulation tool  has been used in order to analyze the effects on the model prediction of 
some correlations intended to the evaluation of the heat transfer coefficients (HTC) and pressure drop (PD) of both 
refrigerant and air side. The discussion is supported by an experimental set of data obtained by testing a traditional 
air-to-water heat pump equipped with a finned round tube condenser. The test campaign has been designed in order 
to cover a wide range of operating points including different air velocities (from 1.5 m/s to 4 m/s), refrigerant mass 
flow rate (50.4-82.2 kg/h), air inlet temperatures (20-46°C) and subcooling (0-5-10 K). Once defined the classic 
boundary conditions for validating a model, such as the condenser inlet conditions (temperature and pressure) and the 
mass flow rate, the predicted capacity is compared against the experimental one. In the paper an alternative set of 
boundary conditions is proposed and the results have been compared with experimental ones in terms of condenser 
temperature and capacity. The analysis of statistical parameters such as Mean Error (ME), Standard Deviation (SD) 
and Mean Square Error (MSE) allows demonstrating how a good combination of inlet parameters and correlations 





In numerous technological applications and sectors, such as refrigeration, the air conditioning, the automotive sector 
or the power engineering, the need to exchange heat between different fluids at different temperatures plays a 
fundamental role. This task is performed by the heat exchangers and, when one of the work fluids is air, by the round‐
tube and plate‐fin heat exchangers (RTPFs) or by the microchannel heat exchangers (MCHXs). 
Often, the design or the optimization of a RTPFs heat exchanger are carried out experimentally, methodology 
characterized by high costs and time consuming, or taking advantage of  the application of advanced simulation tools 
based on suitable analytical models. 
As already demonstrated by others authors (Cavallini and Zecchin, 1974, Briggs and Rose, 1994), the phenomenon 
occurring in a tube during the condensation can be well predicted by a semi-empirical model provided that it is 
accompanied by the application of the suitable correlations for calculating heat transfer coefficients (HTC) and 
pressure drop (PD) in both the refrigerant and air. 
Some authors, among which Cavallini and Zecchin (1974), Cavallini et al. (2001), Cavallini et al. (2002), Dobson and 
Chato (1998), Shah (1976), Thome et al. (2003), Tandon (1995), Akers et al. (1959), and Haraguchi et al. (1994)  
suggested models and correlations distinguishing the two-phase flow patterns  in two macro-categories: stratified (or 
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wavy) and annular flow. In addition to these ones, others sources (VDI Heat Atlas, 2010; Granryd et al., 2003; Hewitt, 
1998; Thome, 2004; ASHRAE, 2013; Boissieux et al., 1999; Dalkilic et al., 2009; Vera-Garcia et al., 2007; Wei et 
al., 2012) have been reviewed and, inn according to the complexity of the correlation and suitability to the tested 
conditions, the correlations proposed by Cavallini et al. (2001), Cavallini et al. (2002), Dobson and Chato (1998), 
Shah (1976) and Thome et al. (2003) have been considered as the most interesting to be compared and discussed in 
the present paper. 
Regarding the two-phase flow pressure drop evaluation, the correlations of Chisolm (1972) and Friedel (1979) have 
been used in the model, while, the models proposed by Granryd et al. (2003), Wang et al. (2000) and its modified 
version (IMST-Art, 2010) have been consider the most suitable for calculating HTC in the air side. 
The discussion is supported by an experimental work including a specific tests campaign designed to cover a wide 
range of operating points of a RTPFs condenser. Different values of refrigerant mass flow rate, subcooling, air velocity 
and air inlet temperature have been taken into account.  
Two different methodologies of validation have been compared analysing the results by means statistical parameters 
such as mean error (ME), standard deviation (SD) and mean square error (MSE). The classic boundary conditions for 
validating a model (Padilla, 2012; Martínez-Ballester et al., 2013, García-Cascales et al., 2010, Vera-Garcia et al., 
2007, Shao et al. 2009, Jang et al., 2006), such as inlet conditions and mass flow rate of both fluids, have been replaced 
by subcooling, inlet temperature and massflow rate. Using the traditional methodology, the predicted capacity is 
compared against the experimental value, while, with the methodology of validation proposed in this paper, the 
comparison is carried out mainly in terms of both condensation temperature and capacity.  
As will be shown below, the best methodology allows getting a high level of agreement between the model results 
and experimental data without the application of any enhancement factor. 
 
2. EXPERIMENTAL WORK 
 
The tested finned tube condenser is characterized by two asymmetrical circuits (Figure 1), whose main geometric data 
are described in Table 1.  
 
Table 1: Condenser technical data 
   
General Dimensions 
Number of rows 3 
Number of Tube per row 19 
Exchanger Width [m] 0.45 
Long. Spacing [mm] 21.9 
Trans. Spacing [mm] 25.35 
Number of Circuits 2 
Tube Data 
Tube material Copper 
Outer Diameter [mm] 9.52 
Thickness [mm] 0.813 
Inner surface Smooth 
Fin Data 
Thickness [mm] 0.1 




The experimental unit is an air-to-water heat pump operating with R134a and equipped with a multi-speed hermetic 
reciprocating compressor having a displacement of 34.38 cm3, a brazed plate evaporator and an electrostatic valve as 
expansion device. At the condenser outlet, a liquid receiver imposes the saturated conditions, while a 4-way valve is 
able to invert the cycle modifying the heat exchanger operation mode (Figure 2). Tests with a certain subcooling will 
be performed by-passing the liquid receiver and adjusting suitably the refrigerant charge.  
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The temperature is measured at the condenser inlet and outlet in both refrigerant and air side. A differential transducer 
allows evaluating the pressure drop in the heat exchanger, while the refrigerant mass flow rate is evaluated by means 
of a Coriolis.  
The experimental campaign has been planned in order to cover several condenser operating conditions. The variable 
parameters has been classified in two categories: external and internal variables. The first group is composed by the 
air inlet temperature [20-46 °C] and air velocity [1.5-4 m/s], while the second includes the refrigerant mass flow rate 
[50.4-82.2 m3/h] and the condenser subcooling [0-5-10°C].  
 
 
Figure 1: Condenser geometry and circuits. Figure 2: Experimental facilities diagram 
3. METHODOLOGIES OF VALIDATION 
 
The commercial software IMST-ART (2010) has been used to predict the performance of the tested condenser. The 
Finite Volume Method (FVM) is applied to discretize the heat exchanger and the SEWTLE methodology (Corberán 
et al. 2002) solves the analytical problem.  
The validation of the model, using different correlations, will be the objective of this work and will be performed 
using the experimental data previously described.  
 
Table 3: Values of the coefficients held constant 
 










HTCref. side  
[W/m2K] 
Correl. analyzed 
56.62; 77.33  






















In order to isolate the effects of each correlation, when a certain correlation is studied, the rest of the heat transfer 
coefficients and the pressure drop are kept constant. For instance, if the two phase-flow heat transfer coefficient is 
studied, the air side heat transfer coefficient and the pressure drop in both refrigerant and air remain constants. The 
only exception is represented by the one-phase flow coefficient (either vapour or liquid) which are calculated with the 
correlations of Gnielinski (1976) and Churchill (1977). This decision was taken because it was assumed that they are 
accurate enough for internal one-phase convection. 
All the constant coefficients are resumed in Table 3. They are the result of an initial pre-adjusting of the model, in 
which, applying a standard set of correlations (IMST-ART, 2010), the best agreement with the experimental data was 
got through the application of suitable enhancement factors. The constant two-phase heat transfer coefficient was 
obtained using the follow equation: 
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AveragephaseTwo /·  (1) 
 
Where the HTCaverage and heat exchange areas are provided by the model adjusted. In the same way, also the air-side 
heat transfer coefficients were determined for each air velocity (1.5, 2.5, 3.2, 4 m/s).     
 
3.1 Correlations for refrigerant heat transfer coefficient 
By applying the traditional boundary conditions (condenser inlet condition and mass flow rate), the condenser capacity 
is commonly used as the comparison parameter in the model validation. Figure 3 and Figure 4 show the validation 
performed for different condensing correlations. If the condenser capacity is overestimated because of a correlation 
that overestimates the HTC, also the condenser subcooling is being overestimated getting a maximum error of 7.8°C 
with Thome et al.’s (2003) correlation (Figure 3). Differently, when the heat capacity is underestimated due to a 
correlation that underestimates the HTC, the condensation process is not completed and the saturated liquid conditions 
may not be achieved. These effects represent a major drawback to the validation of a condensing correlation since in 
this way any correlation will be compared in the same conditions. For instance, if a correlation is underestimating the 
HTC in the high vapour qualities range, may compensate this deviation in the low range of qualities underestimating 
the same coefficient. The traditional methodology does not allow visualizing this compensation in the results. On the 
other hand, a correlation that underpredicts the HTC in the high range of vapour quality may be even worse in the low 
range. Also this behaviour would be hidden, influencing negatively the evaluation of the global HTC as well as the 
refrigerant charge prediction. 
 
  
Figure 3: Experimental subcooling against calculated 
subcooling 
Figure 4: Error committed on heat transfer evaluation 
Actually, the objective of a condensing correlation for simulating  heat exchangers is predict correctly their global 
performance rather than predicting accurately the local values of  the HTC. Therefore, since in the practical 
applications there is not any condenser working with two-phase conditions at the outlet, the authors propose to use 
another set of boundary condition that includes the condenser inlet temperature, the refrigerant mass flow rate and the 
subcooling. In this way every correlation is tested in whole and same range of vapour quality regardless its accuracy 
in the condensation path. The results plotted in Figure 5 and Figure 6 show that an over predicting correlation will 
determine a lower condensing temperature as well as a higher capacity and viceversa. 
The different tests of the whole experimental matrix can be sorted in specific groups joint by the variation of the same 
property such as air temperature, air velocity, subcooling, compressor speed and evaporation temperature.  In this way 
the weight of each parameter on the global prediction can be qualitatively evaluated. These groups are depicted in 
Figure 5 and Figure 6. 
In the same figures can be observed that the air temperature variation at the condenser inlet does not affect negatively 
the performance of the model, indeed, although it assumes different amplitude, the error is rather constant even with 
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refrigerant mass flowrate, but it does not affect clearly the magnitude of the error. Differently, the model appears 
highly sensible to the air velocity variations. This fact points out to an incorrect evaluation of the heat transfer 
coefficient on the air side. Indeed, in this cases, the global thermal resistance is dominated by the air and the refrigerant 
has much less effect.  Figure 6 shows the same trends as Figure 5 but with opposite sign. 
 
 




Figure 6: Comparison model versus condenser cooling capacity 
 
In order to quantify the suitability of a correlation or the other, some quality parameters have to be defined. To this 
end, as shown in Table 4, the analysis of the results has been carried out in terms of mean error (ME), standard 
deviation (SD) and mean square error (MSE).  
Table 4: Analysis of the results: two-phase HTC correlations 
























ME -0.63 0.57 -0.30 0.26 -0.19 0.16 -1.02 0.93 
SD 0.354 0.347 0.466 0.445 0.489 0.463 0.308 0.297 
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Although the mean error might appear the most important parameter, really, the standard deviation play a fundamental 
role. Indeed, if the mean error is strongly influenced by the value of the HTC assumed for the air side, the SD provides 
an important information about the ability of the model to comply with the trend of the experimental data variations. 
Therefore, a correlation with high SD means that it is not affected correctly by the varied parameters. Following this 
reasoning, the correlation of Thome et al. (2003) gets the best results. 
3.2 Correlations for the air-side heat transfer coefficient 
The same analysis of the air side HTC correlations has been carried out taking into account that the refrigerant side 
HTC, as well as the pressure drop, was maintained constant during the simulations in according to Table 3. The results 
are shown in Figure 7 and Figure 8 similarly to what was previously done for the refrigerant side HTC.    
   
 
 




Figure 8: Comparison model versus condenser cooling capacity 
 
Also in this case, the model appears to be quite sensible to the air velocity, while changing the others parameters the 
trend of the error is quite constant. 
As shown in Table 5, the model proposed by Granryd et al. (2003) allows getting the best agreement with the 
experimental set of data. Indeed, in comparison with the others models, mean error, standard deviation and mean 
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Table 5: Analysis of the results: air-side HTC correlations 
 


















ME -0.351 0.295 -0.875 0.783 0.135 -0.163 
SD 0.351 0.354 0.355 0.344 0.217 0.239 
MSE 0.239 0.0002 0.885 0.001 0.062 0.0001 
 
3.3 Global Validation 
The last step of the validation involves the repetition of the simulations applying the Granryd et al.’s model (2003) 
for evaluating the air side HTC and the Thome et al.’s correlation (2003) for the refrigerant side HTC. Once applied 
these correlations, in order to demonstrate the best agreement with the experimental data, in the following figures the 
results are compared with those obtained by means of the others correlations analyzed. The comparison is carried out 
distinguishing the effects on the performance of air temperature (Figure 9, 10), subcooling (Figure 11, 12), compressor 
speed (Figure 13, 14) and air velocity (Figure 15, 16).  
  
 




Figure 10: Capacity versus Inlet air temperature  
  
 
Figure 11: Cond. temperature versus subcooling 
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Figure 13: Cond. temperature versus comp. speed 
 
 




Figure 15: Cond. temperature versus air velocity 
 
Figure 16: Capacity versus air velocity 
 
The ME and the SD assume the values of 0.8 and ±0.221°C in terms of condensation temperature, while they get 
respectively 0.11 and ±0.245% in terms of capacity. These results show that, in all the different operating conditions, 
the model is able to fit with high accuracy to the experimental set of data. In conclusion, the methodology proposed, 
as well as guarantee a deep study of the correlations mentioned, allows adjusting the global model without using any 
enhancement factor but only combining appropriately the HTC models.   
  
3.2 Refrigerant-side pressure drop 
In any finned tube heat exchanger the total pressure drop is strongly affected by its geometry and characteristics, 
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The correlations proposed by Chisholm (1973) and Friedel (1979) are aimed to evaluate the frictional pressure drop 
during the two-phase flow. In both condenser and evaporator, representing the most significant contribute, the 
evaluation of this addend takes on high importance in order to estimate correctly the total pressure drop. Including the 
pressure drop due to the returns bends, the comparison against the overall set of experimental data is depicted in Figure 
17.   
As previously, also in this case the results have been analysed in term of statistic parameters. The Friedel’s correlation 
underpredicts the pressure drop (ME and SD equal to -17.9% and ±16.9%), while the Chisolm’s correlation, even 
though the mean error assumes 0.8%, presents a higher dispersion of the results (SD equal to ±21%).    
4. CONCLUSIONS 
 
In this paper a discussion about the validation of the model for calculating heat transfer coefficients and pressure drop 
in a finned tube heat exchanger has been carried out. The limits of a traditional methodology have been highlighted 
and a different methodology has been proposed choosing a different set of boundary conditions. Inlet temperature, 
subcooling and mass flow rate have been assigned, while the influence of each correlation on the results has been 
evaluate in terms of condensation temperature and capacity.  An experimental campaign has allowed determining the 
operating factors which influence negatively the models prediction. The model turns out to be highly sensible to the 
air velocity more than air temperature, subcooling and compressor speed. 
Furthermore, the results has been discussed in term of statistic index such as Mean Error, Mean Square Error and 
Standard Deviation. The analysis has lead the following results: 
 The most important statistic parameter is the standard deviation instead of the mean deviation. 
 The lowest Stander deviation in obtained by the models proposed by Thome et al.’s (2003) for evaluating 
the heat transfer coefficient in the refrigerant side and Granryd et al.’s (2003) correlation for evaluating the 
same coefficient in air side. 
 The application of both this models allows getting a very good agreement with the experimental data without 
applying any enhancement factor. 
 The error committed by the model are inside an error band of ±0.2°C for the condensation temperature and 
in a band of ±0.25% in terms of capacity.  
In IMST-ART the total pressure drop includes both the frictional pressure drop and returns bends pressure drop. The 
model prediction has been compared with the experimental data providing these results: 
 The Fridel’s correlation (1979) underpredics the total pressure drop (ME equal to -17.9%) with a SD equal 
to ±16.9%.  
 The Chisholm’s correlation (1973) allows getting more accurate results in terms of mean error (0.8%) but 
it is affected by a higher standard deviation (±21%).  
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